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Environmental variables such as temperature, salinity and irradiance are significant drivers of 
microalgal growth and distribution. Therefore, understanding how these variables influence 
fitness of potentially toxic microalgal species is particularly important. In this study, strains 
of the potentially harmful epibenthic dinoflagellate species Coolia palmyrensis, C. 
malayensis and C. tropicalis were isolated from coastal shallow water habitats on the east 
coast of Australia and identified using the D1-D3 region of the large subunit (LSU) ribosomal 
DNA (rDNA). To determine the environmental niche of each taxon, growth was measured 
across a gradient of temperature (15-30 C), salinity (20-38) and irradiance (10-200 µmol 
photons · m-2 · s-1). Specific growth rates of Coolia tropicalis were highest under warm 
temperatures (27 °C), low salinities (ca. 23) and intermediate irradiance levels (150 µmol 
photons · m-2 · s-1), while C. malayensis showed the highest growth at moderate temperatures 
(24 °C) and irradiance levels (150 µmol photons · m-2 · s-1) and growth rates were consistent 
across the range of salinity levels tested (20-38). Coolia palmyrensis had the highest growth 
rate of all species tested and favoured moderate temperatures (24 °C), oceanic salinity (35) 
and high irradiance (>200 µmol photons · m-2 · s-1). This is the first study to characterise the 
environmental niche of species from the Benthic Harmful Algal Bloom genus Coolia and 




Dinoflagellates are microscopic, photosynthetic organisms that occupy a variety of niches in 
freshwater, estuarine and marine habitats. They have a variety of lifestyles, including being 





(e.g. macrophytes, seagrass) (Shah et al. 2013; Mabrouk et al. 2014) and inorganic (e.g. coral 
rubble, sand) (Ballantine et al. 1985; Faust 1995) substrates (epiphytic). Some microalgal 
species known as Harmful Algal Bloom (HAB) species, produce potent toxins that can 
accumulate in the food web, and when consumed by humans (Berdalet et al. 2016) or marine 
life, can cause illness and death (Fire et al. 2010, Bottein et al. 2011, Phillips et al. 2011).  
Toxin producing dinoflagellates that occupy the benthic environment are known as Benthic 
HAB species (BHAB) and have been implicated in a number of human food related illnesses 
including Ciguatera Fish Poisoning (CFP) (Yasumoto et al. 1979, Yasumoto et al. 1977), 
clupeotoxism (Aligizaki et al. 2011), and respiratory (Durando et al. 2007) and dermatologic 
(Tubaro et al. 2011) conditions. Globally, the frequency of such BHAB outbreaks is thought 
to be increasing (Perini et al. 2011).  
Common BHAB genera include Gambierdiscus Adachi & Fukuyo, Fukuyoa Gómez, Qui, 
Lopes & Lin, Ostreopsis Schmidt, Amphidinium Claparède & Lachmann, Prorocentrum 
Ehrenberg and Coolia Meunier, the focus of this study. Like many microalgal genera, Coolia 
has been the object of considerable taxonomic confusion. The genus was originally described 
by Meunier (1919) but was later grouped with the genus Ostreopsis by Lindemann (1928) 
due to morphological similarities. It was then transferred to the genus Glenodinium by 
Biecheler (1952) before being reinstated to Coolia after more detailed morphological 
examination by Balech (1956). This differentiation has since been confirmed with 
phylogenetic analysis (Penna et al. 2005, Dolapsakis et al. 2006). Additionally, for more than 
90 years, the genus was thought to be monotypic, consisting only of Coolia monotis. 
However, since 1995, an additional six species have been described. These are all 
morphologically very similar but genetically distinct. The genus now also includes Coolia 





2008), C. malayensis (Leaw et al. 2010), C. santacroce and C. palmyrensis (Karafas et al. 
2015).  
Holmes et al. (1995) performed the original toxicological investigations on a strain of Coolia 
(then described as C. monotis but later confirmed to be C. tropicalis by Mohammad‐Noor et 
al. (2013)) isolated from Queensland, Australia. The strain was found to produce cooliatoxin, 
a lipophilic, polyether toxin similar to yessotoxin. Likewise, a strain of Coolia sp. (species 
unconfirmed) isolated from Japan was also found to produce cooliatoxin (Nakajima et al. 
1981). More recently, Wakeman et al. (2015) characterised five more analogs of yessotoxin, 
distinct from cooliatoxin, from a strain of C. malayensis (Okinawa, Japan). Despite proving 
lethal to mice (Carlson et al., 1984) and invertebrates (Rhodes and Thomas 1997, Leung et al. 
2017) and showing haemolytic activity (Cruz and Okolodkov 2016), these lipophilic 
polyether toxins are yet to be implicated in any human illness events. Given that some 
isolates produce cooliatoxin and others produce different yessotoxin analogs, the toxicology 
of the genus is currently unresolved. 
Coolia is commonly collected from the surface of macrophytes in shallow water habitats and 
the genus appears to have a worldwide distribution (Fig. 1), although understanding the 
biogeography of species has been hindered by taxonomic uncertainty of cultured isolates and 
field samples. Nonetheless, patterns are beginning to emerge (Fig. 1). Coolia malayensis is 
the most widely distributed species occurring across tropical and temperate locations (David 
et al. 2014, Momigliano et al. 2013, Jeong et al. 2012, Leaw et al. 2010, Wakeman et al. 
2015, Gomez et al. 2016, Rhodes et al. 2014, Tawong et al. 2015, Mohammad-Noor et al. 
2013, Leung et al. 2017, Karafas et al. 2015, Leaw et al. 2016, Fraga et al. 2008, Rhodes et 
al. 2000). Coolia monotis appears to be restricted to the northern hemisphere with most 
records arising from the Mediterranean Sea (Faust 1992, Aligizaki and Nikolaids 2006, Armi 





2014, Laza-Martinez et al. 2011, Fraga et al. 2008, Mohammad-Noor et al. 2013, Penna et al. 
2005, Karafas et al. 2015, Leaw et al. 2016, Rhodes et al. 2000, Simoni et al. 2004, Pagliara 
and Caroppo 2012, Cohu and Lemee 2012, Feki-Sahnoun et al. 2014, Cruz and Okolodkov 
2016, Nguyen 2014). Coolia canariensis occurs in the North East Atlantic Ocean but is also 
found in the Western Pacific Ocean (David et al. 2014, Momigliano et al. 2013, Jeong et al. 
2012, Laza-Martinez et al. 2011, Fraga et al. 2008, Mohammad-Noor et al. 2013, Leung et al. 
2017, Nguyen 2014). Coolia tropicalis is similarly found in the Western Pacific Ocean but 
also in the Western Atlantic and Western Indian oceans (Fraga et al. 2008, Momigliano et al. 
2013, Rhodes et al. 2014, Mohammad-Noor et al. 2013, Leung et al. 2017, Leaw et al. 2016, 
Rhodes et al. 2014, Nguyen 2014)). The only known location of C. areolata is of the type 
species from the South Western Indian Ocean at La Réunion Island and Mozambique (Ten-
Hage et al. 2000). Coolia palmyrensis has been collected in the West and Central Pacific 
Ocean and the West Atlantic Ocean (Momigliano et al. 2013, Leung et al. 2017, Karafas et al. 
2015) whereas C. santacroce has only been found in the western Atlantic Ocean (Karafas and 
Tomas 2015, Karafas et al. 2015; Fig. 1).  
In Australia, there have been very few studies evaluating the distribution, taxonomic identity 
and toxicity of BHAB species. One study which used detailed phylogenetic analyses to 
describe the taxonomic identity of Coolia isolated from the Great Barrier Reef region 
identified four species (C. canariensis, C. malayensis, C. palmyrensis and C. tropicalis) 
(Momigliano et al. 2013). Another two studies which used a metabarcoding approach, 
detected Coolia spp. (C. monotis and C. canariensis) at almost all sampling sites including 
Broome, Western Australia, and Wagonga inlet and Merimbula in southern New South Wales 
(Kohli et al. 2014a, Kohli et al. 2014b). These findings suggest the genus Coolia may be 





Beyond their presence, little is known about the environmental niche of Coolia species, 
although their wide geographic distribution (Fig. 1) suggests this genus can occupy a large 
range of conditions. Early work on an unidentified Coolia isolate which assessed the 
influence of temperature on growth showed cells have a doubling rate of approximately three 
to four days at a moderate temperature of 23 °C (Faust 1992), while faster growth can be 
achieved at a warmer temperature of 29 °C (Morton et al. 1992). Since then, Cruz and 
Okolodkov (2016) measured the growth of C. monotis (identified based only on 
morphological characteristics) across a gradient of temperature from 5-30 °C, finding the 
optimal range to be between 15 and 25 °C. Another recent study measured growth across a 
gradient of irradiance (0-300 µmol photons · m-2 · s-1) finding strains of C. monotis with no 
morphological or molecular differences, isolated from three locations on the Iberian 
peninsula respond differently, each having vastly different irradiance optima (David et al. 
2017). The combined effects of temperature and salinity of a strain of C. malayensis and C. 
tropicalis (confirmed species identity) from Malaysia, showed that high temperatures (30 °C) 
at salinity levels close to that of oceanic seawater (35) yielded greatest growth for both 
species (Mohammad‐Noor et al. 2013). Although these studies provide important insight into 
how environmental conditions influence the growth of Coolia species, considerable work 
remains to be done. 
Like other microalgal species, BHABs require irradiance, nutrients and inorganic carbon 
(CO2) in combination with specific physicochemical variables such as temperature, pH and 
salinity to photosynthesise and grow. In shallow marine habitats, temperature, salinity and 
irradiance levels are the most likely physicochemical variables influencing species 
distributions and relative cell abundance under nutrient replete conditions. In this study, we 
investigated how environmental variables influence the growth of Coolia strains isolated 





temperature (15-30 °C), salinity (20-38) and irradiance (10-200 µmol photons · m-2 · s-1). To 
the best of our knowledge, this is the first study to comprehensively characterise the 
environmental niche of Coolia and examine its fitness landscape. 
 
2. Methods: 
2.1 Culture establishment 
Epiphytic microalgae were removed from one individual of the macroalgal species Padina 
sp. and Chnoospora sp. collected from 1 m depth at Heron Island lagoon, Queensland, 
Australia (23.4423S, 151.9148E) on the 27th July 2014 (austral winter). One sample of a 
seagrass (Zostera sp.) was collected at a depth of 1 m from Merimbula inlet, New South 
Wales, Australia 36.8979S, 149.9044E) on the 7th April 2014 (austral autumn) (Fig. 1). 
Single cells of Coolia were isolated using the micropipette technique (Andersen and Kawachi 
2005), established as monoclonal cultures and maintained in modified K medium (Litaker et 
al. 2009) made from sterile aged natural seawater at a salinity of 32. Established cultures 
(Table 1) were maintained at 24 C under ~100 µmol photons · m-2 · s-1 on a 12:12 
Light:Dark cycle in 25 cm2 (70 mL) or 75 cm2 (250 mL) sterile vented polystyrene tissue 
culture flasks (Falcon, Corning, New York, USA), oriented horizontally.  
2.2 DNA extraction and phylogenetic analyses 
Approximately 100 mL of each established Coolia isolate was centrifuged at 1000 g for 10 
minutes to pellet the cell material. DNA was extracted using a MoBio Power Soil DNA 
Extraction Kit (Qiagen, Carlsbad, CA, USA) following the manufacturer’s instructions and 
sent to a commercial service (Australian Genomic Research Facility (AGRF), Queensland, 





amplified using the primers D1R-F (Scholin et al. 1994) and D3-R (Nunn et al. 1996) under 
conditions described in Rhodes et al. (2014). Amplification products (~ 950 bp) were purified 
and sequenced in both directions using the Sanger sequencing platform. Phylogenetic 
analyses were conducted in Geneious v9.1.5 (Kearse et al. 2012). Forward and reverse 
sequences from this study were joined and aligned with publicly available sequences of 
Coolia and Ostreopsis downloaded from GenBank (www.ncbi.nlm.nih.gov), using the 
MUSCLE algorithm (maximum number of iterations 8) (Edgar 2004), with Ostreopsis 
species sequences used as out-groups (Ostreopsis cf. siamensis HQ414222; Ostreopsis cf. 
ovata JX065571). Alignments were truncated to 776 bp and a Maximum Likelihood 
phylogenetic tree was generated using PHYML with 1,000 bootstraps (Guindon and Gascuel, 
2003) using a GTR substitution model and an estimated gamma distribution. Bayesian 
analyses was performed using MrBayes 3.2.6 (Huelsenbeck and Ronquist, 2001) by means of 
the GTR+G (general-time reversible with gamma-shaped among-site variation) model and 
was carried out in four simultaneous runs with four chains each for 3.1 x 106 generations, 
sampling every 1,000 trees and 1,000 trees were discarded as burn in.  
2.3 Growth estimates 
In vivo chlorophyll a fluorescence was used as a proxy for cell abundance to measure growth 
of Coolia spp. during experiments. To confirm in vivo chlorophyll a fluorescence is 
correlated with Coolia cell abundance, all strains except C. tropicalis (UTSHI2D1) (Table 1) 
were grown in 75 cm2 (250 mL) sterile vented polystyrene tissue culture flasks (Falcon, 
Corning, New York, USA) in triplicate under culture maintenance conditions. A 1 mL aliquot 
was removed from each flask every 3 to 4 days and the in vivo chlorophyll a fluorescence 
was measured for each sample using a fluorometer (Turner Designs Trilogy Laboratory 
Fluorometer®, USA) and then preserved with 1% Lugol’s iodine solution. The cell 





Sedgewick Rafter counting chamber (McAlice, 1971) under a Nikon Eclipse TS100 inverted 
light microscope for at least 3 time periods. The correlation between in vivo chlorophyll a 
fluorescence and cell abundance was calculated using linear regression analyses in OriginPro 
8 (OriginLab Corporation, Northhampton, MA, USA). While temperature, salinity and 
irradiance niche estimate experiments were not carried out concurrently, growth rate 
estimates were conducted similarly with sampling continuing until the stationary phase of 
growth was reached. Stationary phase was defined as two consecutive sampling periods 
where cell abundance did not increase. 
Regression analysis showed a linear relationship between in vivo chlorophyll a fluorescence 
measured in relative fluorescence units (rfu) and cell abundance (n=15), for each species of 
Coolia used in this study (Supplementary Fig. 1) (C. tropicalis, r2=0.87; C. palmyrensis, 
r2=0.86; C. malayensis, r2=0.90), demonstrating this fluorometric method can provide a 
robust estimate of cell abundance. In vivo chlorophyll a fluorescence was therefore used as a 
rapid method to estimate cell abundance and calculate growth rates in all experiments in this 
study.  
2.4 Temperature niche estimates 
Each established strain of Coolia was inoculated into triplicate 25 cm2 sterile vented 
polystyrene tissue culture flasks (Falcon, Corning, New York, USA), with 50 mL fresh 
standard modified K medium at a salinity of 32, at a standardised cell density of 
approximately 10 cells mL-1. Flasks were placed horizontally under ~100 µmol photons · m-2 
· s-1 measured using a 4π light sensor (WALZ, Model US-SQS/L, Germany) in air on a 12:12 
Light:Dark cycle and incubated  at 15, 18, 21, 24, 27 and 30 °C in controlled-temperature 
incubators (Climatron® Plant Growth Cabinet, Australia). Light levels were chosen to avoid 





experimental conditions for seven days before growth measurements began. In vivo 
chlorophyll a fluorescence was measured on a 1 mL aliquot of each replicate culture every 
three to four days until the cultures reached stationary phase. The maximum growth rate was 
calculated using the slope of the linear portion of the natural logarithm transformed cell 
abundance curve. 
2.5 Salinity niche estimates 
Salinity was adjusted to the experimental treatments of 20, 26, 32 and 38 by diluting aged 
natural seawater with sterile MilliQ water or adding sterile artificial hypersaline seawater 
prepared as per Berges et al. (2001). Nutrients were added as per standard modified K 
medium and each strain of Coolia was inoculated into triplicate 25 cm2 sterile vented 
polystyrene tissue culture flasks (Falcon, Corning, New York, USA) at a standardised cell 
density of approximately 10 cells mL-1. Flasks were incubated in controlled-temperature 
incubators (Climatron® Plant Growth Cabinet, Australia) set at a constant temperature of 
24 °C under ~100 µmol photons · m-2 · s-1 on a 12:12 Light:Dark cycle. Flasks were 
acclimated to the experimental conditions for seven days before in vivo chlorophyll a 
fluorescence was measured every three to four days on a 1 mL aliquot of culture, until the 
stationary phase of growth was reached. 
2.6 Irradiance niche estimates 
Strains of Coolia were inoculated into triplicate 25 cm2 sterile vented polystyrene tissue 
culture flasks (Falcon, Corning, New York, USA), with 50 mL fresh standard modified K 
medium as a salinity of 32, at a standardised cell density of approximately 10 cells mL-1. 
Flasks were placed horizontally in controlled-temperature incubators (Climatron® Plant 
Growth Cabinet, Australia) set at a constant temperature of 24 °C under different irradiance 





were acclimated to the experimental conditions for seven days after which growth was 
measured every three to four days on a 1 mL aliquot of culture using in vivo chlorophyll a 
fluorescence until the stationary growth phase was reached or culture death occurred.  
2.7 Estimating optimum growth conditions and niche width 
The calculated maximum growth rate for each strain from each experiment was plotted as a 
function of the environmental variable (e.g. temperature, irradiance, salinity) to form a 
reaction norm. The shape of the reaction norm was then fitted to estimate fitness parameters 
such as the conditions under which optimum growth (Topt) was achieved and the limits of 
growth (Tmin and Tmax). Temperature and salinity reaction norms were both fitted in the R 
environment version 3.2.3 (R Core Team, 2012) with a function first applied to 
phytoplankton by Eppley (1972) and recently modified by Thomas et al. (2012).  
This function describes the temperature or salinity dependent specific growth rate using the 
following equation: 







where growth rate f is a function of either temperature or salinity (E). The shape of the 
reaction norm is controlled by species traits, z and w. The niche width is given by w and 
species trait z determines the location of the maximum of the quadratic portion of the 
function. 
Irradiance reaction norms were fitted with a Monod function with a photoinhibition term as 






𝜇 =  𝜇𝑚𝑎𝑥
𝐼




where µ is the specific growth rate (day-1), µmax is the maximum specific growth rate (day
-1), I 
is the irradiance (µmol photons · m-2 · s-1), k is a half-saturation constant (µmol photons · m-2 
· s-1), r is the metabolic loss rate and kinh is the photoinhibition constant (µmol photons · m
-2 · 
s-1). 
For temperature, salinity and light, the optimum growth range was calculated to be the point 
at which 80% of the optimum growth was achieved. The minimum and maximum point along 




3.1 Culture identification and observations 
In this study, seven cultures of Coolia were established, four from Heron Island, Queensland 
and three from Merimbula New South Wales, Australia (Table 1). Phylogenetic analyses of 
52 Coolia LSU rDNA (D1-D3 region) sequences representing six of the seven described 
species in the genus (sequences for C. areolata are not available in GenBank) grouped into 
six distinct clades (Fig. 2). Strains UTSHI1D5, UTSHI2D4 and UTSHI2D1, isolated from 
Heron Island, grouped with other C. tropicalis sequences with high support (100%/1.0). 
Strain UTSHI3C5 grouped with C. palmyrensis (91%/0.99), while all three strains isolated 
from Merimbula, New South Wales (UTSMER17A5, UTSMER17D2 and UTSMER17A6), 
grouped with C. malayensis (97%/1.0) (Fig. 2). 





The maximum growth rate (µmax) for each strain of Coolia tested in this study was between 
0.21 and 0.29 day-1 (Table 2). The temperature at which maximum growth occurred (T µmax) 
was similar at the intraspecific level between strains but showed substantial differences 
between species (Table 2, Fig. 3, and Fig. 4). Coolia tropicalis had the highest optimum 
temperature  (T µmax) for growth at 27.0-27.6 °C, followed by C. palmyrensis at 24.5 °C, then 
C. malayensis at 23.4-23.8 °C reflecting their geographic origin (Table 1). The optimum 
temperature range (i.e. 80% of maximum) (Topt) for growth of C. tropicalis was much 
narrower (ca. 3-4 °C) than for other species (ca. 7-8 °C) suggesting some degree of 
temperature specialisation (Table 2 and Fig. 3). The minimum temperature at which growth 
ceased differed between species but was consistent at the intraspecific level. C. palmyrensis 
and C. malayensis were able to grow at temperatures as low as 14 °C, while the minimum 
temperature for growth (Tmin) of C. tropicalis was 17 °C (Table 2 and Fig. 3). Interestingly, 
all strains had a maximum temperature tolerance (Tmax) of approximately 30 °C except C. 
palmyrensis which was found to have an upper thermal tolerance of 32 °C (Table 2 and Fig. 
3).  
3.3 Salinity niche estimates 
Maximum growth rates of most strains under different salinities (µmax) ranged from 0.08 to 
0.16 day-1, except for C. palmyrensis which grew 0.39 day-1 (Table 3). The optimum salinity 
levels for growth (S µmax) were brackish (23-29) for most strains, while C. palmyrensis had 
maximum growth under more saline oceanic conditions (35.6; Table 3). The shape of each 
salinity reaction norm diverged between species but was similar at the intraspecific level (Fig. 
5).  Growth was within 80% of the maximum (Sopt) between salinities 21 and 30 for C. 
tropicalis and C. palmyrensis but C. malayensis appeared to be more euryhaline, growing 





tropicalis was approx. 20 (i.e. between 17 and 40) while for C. malayensis it exceeded 50 
(<10 and >60) (Table 3 and Fig. 5). 
3.4 Irradiance niche estimates 
Coolia palmyrensis had the highest maximum growth rate at 0.25 day-1 in the irradiance 
experiments (µmax), well above other species which ranged between 0.14 and 0.17 day
-1 
(Table 4). There were large intraspecific differences in the level of irradiance at which 
maximum growth was achieved  (I µmax), ranging from 130 to greater than 200 µmol photons 
· m-2 · s-1 (Table 4 and Fig. 6). Interestingly, the shape of the curves did not differ enormously 
between species or strains (Fig. 4 and Fig. 6), therefore estimates of the optimum irradiance 
was similar across all taxa (approximately 60-200 µmol photons · m-2 · s-1) and the estimated 
niche widths were the same (0 to<200 µmol photons · m-2 · s-1) (Table 4 and Fig. 6). 
 
4. Discussion 
Environmental variables such as temperature, salinity and irradiance influence microalgal 
growth and ultimately shape species distributions, but the niches of many benthic harmful 
algal bloom species (BHAB) are undescribed. In this study, we characterised the 
environmental niche of Coolia malayensis, C. palmyrensis and C. tropicalis isolated from 
tropical and temperate locations in eastern Australia for the first time. Despite living in 
similar shallow coastal habitats, growth optima were different amongst taxa. C. tropicalis 
growth was greatest at warmer temperatures (27 °C), lower salinities (ca. 23) and moderate 
irradiance (150 µmol photons · m-2 · s-1). In comparison, optimum growth of C. malayensis 
occurred under moderate temperature (24 °C) and irradiance (150 µmol photons · m-2 · s-1) 





temperatures (24 °C) under oceanic salinities (35) and relatively high irradiance (>200 µmol 
photons · m-2 · s-1). This is the first study to quantify how temperature, salinity and irradiance 
influence growth of Coolia spp. from eastern Australia. We found interspecific differences 
were greater than intraspecific variation, however, the number of strains included in our 
analyses was limited and therefore this pattern may not hold when further strains are 
compared. 
4.1 Culture identification 
Strains of Coolia in this study were isolated from two locations in eastern Australia, selected 
based on previous reports of BHABs (Merimbula, New South Wales, Kohli et al. (2014a); 
Great Barrier Reef, Queensland Australia, Momigliano et al. (2013)). This study was by no 
means a comprehensive survey, but our findings show there were no species common to both 
locations. Coolia tropicalis and C. palmyrensis were both isolated from Heron Island 
(tropical region) and only C. malayensis was isolated from Merimbula (temperate region). 
Very little is known about the diversity of Coolia spp. in Australia. Momigliano et al. (2013) 
completed a comprehensive morphological and molecular analysis of four strains isolated 
from three sites in the Central Great Barrier Reef region identifying C. tropicalis, C. 
malayensis and C. canariensis, along with a strain that could not be identified at the time but 
has since been classified as C. palmyrensis (Karafas et al. 2015, Gómez et al. 2016, Leaw et 
al. 2016). These findings, along with the results from this study suggest C. tropicalis, C. 
palmyrensis and C. canariensis are distributed throughout the Great Barrier Reef region, 
while C. malayensis, although present in tropical regions elsewhere, may have a more 
temperate distribution in eastern Australia. In two studies where metabarcoding was used to 
describe benthic dinoflagellate species diversity, a Coolia sp. was identified at Broome, 
Western Australia and both C. monotis and C. canariensis in southern New South Wales 





level using the metabarcoding approach, these studies indicate the Coolia genus may be 
widely distributed in Australia. The distribution of C. canariensis may also extend to 
temperate eastern Australia and other species, such as C. monotis, may also be present, 
however, considerable work remains to be done before we have a thorough understanding of 
the biogeography of Coolia spp. in Australia. 
4.2 Coolia tropicalis 
C. tropicalis was first described by Faust (1995) with cells collected from Belize, Japan, 
Puerto Rico and Reunion Island in the South West Indian Ocean. Since then, the species has 
been documented in many shallow water habitats (2-8 m) throughout Asia including Vietnam 
(Nguyen 2014), Japan (Tawong et al. 2015), Hong Kong (Leung et al. 2017), Malaysia and 
Indonesia (Mohammad‐Noor et al. 2013). Thus, the current known distribution of C. 
tropicalis suggests the species may be restricted to tropical locations between the latitudes of 
23 °S to 23 °N (Fig. 1). In this study, C. tropicalis was collected at Heron Island (latitude 
23 °S), which may be close to its southern limit, and it was not found at the temperate 
sampling location (latitude 36 °S).  
Thermal niche results from this study also support that C. tropicalis may have a distribution 
restricted to tropical locations. The optimum temperature for growth (T µmax) was 
considerably higher (27 °C) and the optimum range (Topt) narrower (± 1.5-2 °C) than the 
other species tested, suggesting C. tropicalis could be a high temperature specialist. Indeed, 
the minimum temperature threshold for growth (Tmin) or the lower niche limit was 
approximately 17 °C, 3 °C higher than the other strains, providing further evidence that 
growth may be limited to tropical locations. It was surprising that the maximum temperature 
threshold (Tmax) or the upper niche limit was only 30 °C, given that tropical ocean waters can 





examined growth under constant temperature, whereas in natural environments, short-term 
cooling due to diurnal or tidal fluctuations may allow growth at higher day-time 
temperatures. 
The optimum salinity for growth (S µmax) of C. tropicalis was approximately 25, much lower 
than seawater. The tolerable range of salinities was however very large (18 to 40, suggesting 
a mechanism to adapt to large fluctuations in salinity during tropical monsoonal rains. 
Mohammad‐Noor et al. (2013) found contrasting results, with C. tropicalis from Indonesia 
growing optimally at salinity 35, suggesting there is some variability in osmoregulation 
amongst strains. 
Coolia tropicalis strains from this study were able to grow across a very broad range of 
irradiance levels. Optimum growth (I µmax) occurred at levels of approximately 50 to ~ 200 
µmol photons · m-2 · s-1. To our knowledge, the only study that has assessed the influence of 
irradiance on the growth rate of Coolia found three C. monotis strains isolated from 1 m 
depth at different locations along the Atlantic Coast of the Iberian Peninsula each responded 
differently (David et al. 2017). However, the range of irradiance levels that produced the 
highest growth rates were similar to this study (approx. 50 to 300 µmol photons · m-2 · s-1).  
4.3 Coolia malayensis 
In contrast to the restricted distribution of C. tropicalis, C. malayensis appears to have a 
widespread global distribution (Fig 1). The species was first described by Leaw et al. (2010) 
from type strains collected in Malaysian waters. Since the original description, the species 
has been documented in many locations throughout Asia (Jeong et al. 2012, Mohammad‐
Noor et al. 2013, Tawong et al. 2015, Wakeman et al. 2015, Leaw et al. 2016, Leung et al. 
2017), the South Pacific Ocean (Rhodes et al. 2000, Momigliano et al. 2013, Rhodes et al. 





2016) and South America (Gómez et al. 2016), occurring at latitudes between  36 °S to 34 °N 
(Fig. 1).  The C. malayensis isolates from this study were isolated from temperate waters at a 
latitude of 36 °S, around the southern limit of its documented distribution (Fig. 1). 
The thermal niche of C. malayensis strains in this study was greater than 15 °C.  Both strains 
tolerated temperatures as low as 14 °C and as high as 30 °C, with an optimum at 
approximately 24 °C. The (T µmax) for C. malayensis strains was lower than for C. tropicalis. 
This divergence likely represents differences in temperature regimes at the different isolation 
locations for the two species, with C. malayensis originating from a cool temperate climate 
while C. tropicalis originated from a warm tropical location.  
It remains to be determined whether a Coolia strain isolated from a tropical location would be 
more like a temperate strain of the same species or a tropical strain of a different species. The 
optimum temperature range (80% of the maximum growth rate) (Topt) extended over 7-8 °C 
suggesting this species could be a thermal generalist, consistent with its broad latitudinal 
distribution.  
The growth of C. malayensis strains used in this study appeared unaffected by salinity, 
growing at similar rates across all levels measured (20-38). Mohammad‐Noor et al. (2013) 
measured the growth rate of a strain of C. malayensis originally isolated from Malaysia 
across a similar salinity gradient (20-40) finding that it had the highest growth rate at salinity 
30 when grown at 25 °C, in contrast to salinity 35 when grown at 30 °C. However, similar to 
our study, growth was achieved across all salinities tested. Like strains of C. tropicalis 
measured in this study and C. monotis strains measured by David et al. (2017), C. malayensis 
was able to grow across a range of irradiance. Coolia malayensis therefore appears to have 
the broadest fundamental niche of the three Coolia species isolated in this study. 





C. palmyrensis is one of the newly described species in the Coolia genus. It was first 
described by Karafas et al. (2015) based on a strain isolated from Palmyra Atoll in the central 
Pacific Ocean and another from the Dominican Republic in the Caribbean Sea. The original 
description also included a previously unidentified strain reported as Coolia sp. (strain 
number NQAIF103, GenBank accession number HQ897277; Momigliano et al. (2013)) from 
Australia. The only other report of C. palmyrensis in the literature is by Leung et al. (2017) 
who isolated and identified three strains from two locations in Hong Kong, although 
sequences available in GenBank (www.ncbi.nlm.nih.gov) suggest that the distribution might 
extend to Fiji and Spain (Fig. 2). While it has only recently been described, the distribution so 
far seems to be limited to tropical locations (Fig. 1). 
As only one strain of C. palmyrensis was established in this study, it is difficult to draw 
conclusions about the environmental niche of the species. However, it is evident that the 
established isolate differs from the other taxa. Coolia palmyrensis is the smallest of the seven 
species in the genus (Karafas et al. 2015) and had the fastest growth rate (up to 0.39 day-1), 
consistent with the general pattern observed across microalgal lineages that smaller cells 
grow faster (Litchman et al. 2007). Established from a tropical location, it was expected that 
the C. palmyrensis isolate would have a similar environmental niche to C. tropicalis. This, 
however, was not the case (Tables 2, 3, 4 and Figs. 3, 4, 5 and 6).  
The optimum temperature for growth (T µmax) was 24 °C, ca. 3 °C lower than the strains of C. 
tropicalis isolated from the same tropical location and more similar to the strains of C. 
malayensis isolated from temperate Australia (Table 2). Coolia palmyrensis also differed 
from C. tropicalis in that it had a much wider thermal niche, suggesting it may be more of a 
thermal generalist like C. malayensis (Fig. 4). The optimum salinity for growth (S µmax) was 





Coolia palmyrensis was also found to grow well at relatively high irradiance levels but like 
all other species tested, significant growth was measured across a wide range of irradiance.   
 
4.5 Conclusions 
This is the first study to comprehensively characterise how temperature, salinity and 
irradiance affect growth of C. tropicalis, C. palmyrensis and C. malayensis from eastern 
Australia and apply this information to help define species distributions. We demonstrated 
that C. tropicalis is more of a thermal specialist, growing optimally within a narrow range of 
high temperatures characteristic of tropical locations, and prefers brackish salinity and 
moderate irradiance levels. Coolia malayensis prefers more temperate thermal conditions, 
with moderate irradiance levels and appears euryhaline. Although C. palmyrensis was 
isolated from the same tropical location as the C. tropicalis strains, the environmental niche 
of this species appears to be more like temperate C. malayensis. While these results show that 
Coolia spp. can grow across a broad range of environmental conditions, further research is 
required to examine the toxicology of the Coolia genus and examine how environmental 
variables influence toxicity. This information will provide vital information to help inform 
species distributions, particularly under changing climate conditions. 
 
Acknowledgements: We would like to thank Samuel Avery for assistance with collecting 
benthic microalgal samples from Merimbula, New South Wales, Australia and Professor Peter 
Ralph for collecting benthic microalgal samples from Heron Island, Queensland, Australia. Dr 
Tim Kahlke is also thanked for assisting with phylogenetic analyses. This research was 







Author Contributions:  
M.E.L isolated, established and maintained the strains of Coolia, carried out all DNA 
extractions, experimental work, data analysis, designed the study and drafted the manuscript; 
K.F.S assisted with sequencing and phylogenetic analyses and helped write the manuscript; 
M.A.D participated in the design of the study and helped write the manuscript. 
 
References: 
Aligizaki, K., Katikou, P., Milandri, A. & Diogène, J. 2011. Occurrence of palytoxin-group 
toxins in seafood and future strategies to complement the present state of the art. 
Toxicon 57:390-99. 
Aligizaki, K., Nikolaidis, G. 2006. The presence of the potentially toxic genera Ostreopsis and 
Coolia (Dinophyceae) in the North Aegean Sea, Greece. Harmful Algae 5:717-730. 
Andersen, R.A. & Kawachi, M. 2005. Traditional microalgae isolation techniques. In Algal 
Culturing Techniques; Andersen, R., Ed.; Phycological Society of America; Elsevier 
Academic Press: San Diego, CA, USA, 2005; 6;83–100. 
Armi Z., Turki S., Trabelsi E., Ben Maiz N. 2010. First recorded proliferation of Coolia 
monotis (Meunier, 1919) in the North Lake of Tunis (Tunisia) correlation with 
environmental factors. Environ Monit Assess 164:423-433. 
Balech, E. 1956. Étude des dinoflagellés du sable de Roscoff. Rev Algol 2:29-52. 
Ballantine, D., Bardales, A., Tosteson, T. & Durst, H. 1985. Seasonal abundance of 
Gambierdiscus toxicus and Ostreopsis sp. in coastal waters of southwest Puerto Rico.  
Proceedings of the 5th International Coral Reef Congress. Antenne Museum-EPHE 
Tahiti, pp. 417-22. 
Ben-Gharbia H., Yahia O.K-D., Amzil Z., Chomérat N., Abadie E., Masseret E., Sibat M., 
Zmerli Triki H., Nouri H., Laabir M. 2016. Toxicity and Growth Assessments of Three 
Thermophilic Benthic Dinoflagellates (Ostreopsis cf. ovata, Prorocentrum lima and 
Coolia monotis) Developing in the Southern Mediterranean Basin. Toxins 8:297 
Berdalet, E., Fleming, L. E., Gowen, R., Davidson, K., Hess, P., Backer, L. C., Moore, S. K., 
Hoagland, P. & Enevoldsen, H. 2016. Marine harmful algal blooms, human health 






Berges, J. A., Franklin, D. J. & Harrison, P. J. 2001. Evolution of an artificial seawater 
medium: improvements in enriched seawater, artificial water over the last two 
decades. J Phycol 37:1138-45. 
Biecheler, B. 1952. Recherches sur les Péridiniens. Laboratoire d'évolution des êtres 
organisés. 
Bottein, M.-Y. D., Kashinsky, L., Wang, Z., Littnan, C. & Ramsdell, J. S. 2011. 
Identification of ciguatoxins in Hawaiian monk seals Monachus schauinslandi from 
the northwestern and main Hawaiian Islands. Environ Sci Technol 45:5403-09. 
Carlson R.D., Morey-Gaines G., Tindall D.R., Dickey R.W. 1984. Ecology of toxic 
dinoflagellates from the Caribbean Sea. In Seafood Toxins; Ragelis, E. P. ED.; 
American Chemcial Society; ACS Symposium Series. 24:271-287. 
Cohu S., Lemée R. 2012. Vertical distribution of the toxic epibenthic dinoflagellates Ostreopsis 
cf. ovata, Prorocentrum lima and Coolia monotis in the NW Mediterranean Sea. CBM-
Cahiers de Biologie Marine 53:373. 
Cruz, A. A. & Okolodkov, Y. B. 2016. Impact of increasing water temperature on growth, 
photosynthetic efficiency, nutrient consumption, and potential toxicity of 
Amphidinium cf. carterae and Coolia monotis (Dinoflagellata). Revista de biología 
marina y oceanografía 51:565-80. 
David, H., Kromkamp, J. C. & Orive, E. 2017. Relationship between strains of Coolia 
monotis (Dinophyceae) from the Atlantic Iberian Peninsula and their sampling sites. J 
Exp Mar Biol Eco 487:59-67. 
David H., Laza-Martínez A., Miguel I., Orive E. 2014. Broad distribution of Coolia monotis 
and restricted distribution of Coolia cf. canariensis (Dinophyceae) on the Atlantic coast 
of the Iberian Peninsula. Phycologia 53:342-352. 
Dolapsakis, N. P., Kilpatrick, M. W., Economou-Amilli, A. & Tafas, T. 2006. Morphology 
and rDNA phylogeny of a Mediterranean Coolia monotis (Dinophyceae) strain from 
Greece. Sci Mar 70:67-76. 
Durando, P., Ansaldi, F., Oreste, P., Moscatelli, P., Marensi, L., Grillo, C., Gasparini, R., 
Icardi, G. & Surveillance, C. G. f. t. L. S. A. 2007. Ostreopsis ovata and human 
health: epidemiological and clinical features of respiratory syndrome outbreaks from a 
two-year syndromic surveillance, 2005–06, in north-west Italy. Euro Surveill 
12:E070607. 
Edgar, R. C. 2004. MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Res 32:1792-97. 
Eppley, R. W. 1972. Temperature and phytoplankton growth in the sea. Fish Bull 70:1063-
85. 
Faust, M. A. 1992. Observations on the morphology and sexual reproduction of Coolia 





Faust, M. A. 1995. Observation of sand‐dwelling toxic dinoflagellates (Dinophyceae) from 
widely differing sites, including two new species. J Phycol 31:996-1003. 
Feki-Sahnoun W., Hamza A., Mahfoudi M., Rebai A., Hassen M.B. 2014. Long-term 
microphytoplankton variability patterns using multivariate analyses: ecological and 
management implications. Environ Sci Pollut R 21:11481-11499. 
Fire, S. E., Wang, Z., Berman, M., Langlois, G. W., Morton, S. L., Sekula-Wood, E. & 
Benitez-Nelson, C. R. 2010. Trophic transfer of the harmful algal toxin domoic acid 
as a cause of death in a minke whale (Balaenoptera acutorostrata) stranding in 
southern California. Aquat Mamm 36:342. 
Fraga S., Penna A., Bianconi I., Paz B., Zapata M. 2008. Coolia canariensis sp. nov. 
(Dinophyceae), a new nontoxic epiphytic benthic dinoflagellate from the Canary 
Islands. J Phycol. 44:1060-1070. 
Gómez, F., Qiu, D., Otero‐Morales, E., Lopes, R. M. & Lin, S. 2016. Circumtropical 
distribution of the epiphytic dinoflagellate Coolia malayensis (Dinophyceae): 
Morphology and molecular phylogeny from Puerto Rico and Brazil. Phycol Res 
64:194-99. 
Guindon, S. & Gascuel, O. 2003. A simple, fast, and accurate algorithm to estimate large 
phylogenies by maximum likelihood. Syst Biol 52:696-704. 
Holmes, M. J., Lewis, R. J., Jones, A. & Hoy, A. W. W. 1995. Cooliatoxin, the first toxin 
from Coolia monotis (Dinophyceae). Nat Toxins 3:355-62. 
Huelsenbeck, J. P. & Ronquist, F. 2001. MRBAYES: Bayesian inference of phylogenetic 
trees. Bioinformatics 17:754-55. 
Jeong, H. J., Lim, A. S., Jang, S. H., Yih, W. H., Kang, N. S., Lee, S. Y., Yoo, Y. D. & Kim, 
H. S. 2012. First report of the epiphytic dinoflagellate Gambierdiscus caribaeus in the 
temperate waters off Jeju Island, Korea: morphology and molecular characterization. 
J Eukaryot Microbiol 59:637-50. 
Karafas, S., York, R. & Tomas, C. 2015. Morphological and genetic analysis of the Coolia 
monotis species complex with the introduction of two new species, Coolia santacroce 
sp. nov. and Coolia palmyrensis sp. nov.(Dinophyceae). Harmful Algae 46:18-33. 
Karafas S.J., Tomas C.R. 2015. Further observations on the genetics and morphometrics of 
Coolia santacroce (Dinophyceae). Algae 30:275. 
Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S., 
Cooper, A., Markowitz, S. & Duran, C. 2012. Geneious Basic: an integrated and 
extendable desktop software platform for the organization and analysis of sequence 
data. Bioinformatics 28:1647-49. 
Kohli, G. S., Murray, S. A., Neilan, B. A., Rhodes, L. L., Harwood, D. T., Smith, K. F., 
Meyer, L., Capper, A., Brett, S. & Hallegraeff, G. M. 2014a. High abundance of the 
potentially maitotoxic dinoflagellate Gambierdiscus carpenteri in temperate waters of 





Kohli, G. S., Neilan, B. A., Brown, M. V., Hoppenrath, M. & Murray, S. A. 2014b. Cob gene 
pyrosequencing enables characterization of benthic dinoflagellate diversity and 
biogeography. Environ Microbiol 16:467-85. 
Laza-Martinez A., Orive E., Miguel I. 2011. Morphological and genetic characterization of 
benthic dinoflagellates of the genera Coolia, Ostreopsis and Prorocentrum from the 
south-eastern Bay of Biscay. Euro J Phycol 46:45-65. 
Leaw C.P., Lim P.T., Cheng K.W., Ng B.K., Usup G. 2010. Morphology and molecular 
characterisation of a new species of thecate benthic dinoflaegllate, Coolia malayensis  
sp. nov. (Dinophyceae). J Phycol 46:162-171. 
Leaw, C. P., Tan, T. H., Lim, H. C., Teng, S. T., Yong, H. L., Smith, K. F., Rhodes, L., Wolf, 
M., Holland, W. C. & Vandersea, M. W. 2016. New scenario for speciation in the 
benthic dinoflagellate genus Coolia (Dinophyceae). Harmful Algae 55:137-49. 
Leung, P. T., Yan, M., Yiu, S. K., Lam, V. T., Ip, J. C., Au, M. W., Chen, C.-Y., Wai, T.-C. 
& Lam, P. K. 2017. Molecular phylogeny and toxicity of harmful benthic 
dinoflagellates Coolia (Ostreopsidaceae, Dinophyceae) in a sub-tropical marine 
ecosystem: The first record from Hong Kong. Mar Pollut Bull 124:878-889. 
Lindemann, E. 1928. Die Natürlichen Pflanzenfamilien nebst ihren Gattungen und 
wichtigeren Arten insbesondere den Nutzpflanzen. 
Litaker, R. W., Vandersea, M. W., Faust, M. A., Kibler, S. R., Chinain, M., Holmes, M. J., 
Holland, W. C. & Tester, P. A. 2009. Taxonomy of Gambierdiscus including four 
new species, Gambierdiscus caribaeus, Gambierdiscus carolinianus, Gambierdiscus 
carpenteri and Gambierdiscus ruetzleri (Gonyaulacales, Dinophyceae). Phycologia 
48:344-90. 
Litchman, E. 2000. Growth rates of phytoplankton under fluctuating light. Freshwater Biol 
44:223-35. 
Litchman, E., Klausmeier, C. A., Schofield, O. M. & Falkowski, P. G. 2007. The role of 
functional traits and trade‐offs in structuring phytoplankton communities: scaling 
from cellular to ecosystem level. Ecol Lett 10:1170-81. 
Mabrouk, L., Brahim, M. B., Hamza, A., Mahfoudhi, M. & Bradai, M. N. 2014. Variability 
in the structure of epiphytic microalgae assemblages on the leaves of Posidonia 
oceanica in relation to human disturbance in a meadow off Tunisia. Sci Mar 78:27-39. 
McAlice, BJ. 1971. Phytoplankton Sampling with the Sedgewick-Rafter Cell. Limnol 
Oceanogr. 16:19-28.  
Megard, R., Tonkyn, D. & Senft, W. 1984. Kinetics of oxygenic photosynthesis in planktonic 
algae. J Plankton Res 6:325-37. 
Meunier, A. 1919. Microplankton de la mer flamande. Bruxelles. 
Mohammad‐Noor, N., Moestrup, Ø., Lundholm, N., Fraga, S., Adam, A., Holmes, M. J. & 





malayensis (Dinophyceae), with emphasis on taxonomy of C. tropicalis based on light 
microscopy, scanning electron microscopy and LSU rDNA1. J Phycol 49:536-45. 
Momigliano, P., Sparrow, L., Blair, D. & Heimann, K. 2013. The diversity of Coolia spp. 
(Dinophyceae Ostreopsidaceae) in the central Great Barrier Reef region. PloS one 
8:e79278. 
Morton, S. L., Norris, D. R. & Bomber, J. W. 1992. Effect of temperature, salinity and light 
intensity on the growth and seasonality of toxic dinoflagellates associated with 
ciguatera. J Exp Mar Biol Ecol 157:79-90. 
Nakajima, I., Oshima, Y., Yasumoto, T., 1981. Toxicity of benthic dinoflagellates in Okinawa 
[Japan]. B Jpn S Sci Fish 47:1029-33. 
Nguyen, L. N. 2014. Morphology and distribution of the three epiphytic dinoflagellate 
species Coolia monotis, C. tropicalis, and C. canariensis (Ostreopsidaceae, 
Gonyaulacales, Dinophyceae) from Vietnamese coastal waters. Ocean Sci J 49:211-
21. 
Nunn, G., Theisen, B., Christensen, B. & Arctander, P. 1996. Simplicity-correlated size 
growth of the nuclear 28S ribosomal RNA D3 expansion segment in the crustacean 
order Isopoda. J Mol Evol 42:211-23. 
Pagliara P., Caroppo C. 2012. Toxicity assessment of Amphidinium carterae, Coolia cfr. 
monotis and Ostreopsis cfr. ovata (Dinophyta) isolated from the northern Ionian Sea 
(Mediterranean Sea). Toxicon 60:1203-1214. 
Penna, A., Vila, M., Fraga, S., Giacobbe, M. G., Andreoni, F., Riobó, P. & Vernesi, C. 2005. 
Characterization of Ostreopsis and Coolia (Dinophyceae) isolates in the Western 
Mediterranean sea based on morphology, toxicity and Internal Transcribed Spacer 5.8 
S rDNA sequences1. J Phycol 41:212-25. 
Perini, F., Casabianca, A., Battocchi, C., Accoroni, S., Totti, C. & Penna, A. 2011. New 
approach using the real-time PCR method for estimation of the toxic marine 
dinoflagellate Ostreopsis cf. ovata in marine environment. PLoS One 6:e17699. 
Phillips, E. M., Zamon, J. E., Nevins, H. M., Gibble, C. M., Duerr, R. S. & Kerr, L. H. 2011. 
Summary of birds killed by a harmful algal bloom along the South Washington and 
North Oregon Coasts during October 2009 1. Northwestern Nat 92:120-26. 
R Core Team. 2012. R: A language and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-
project.org/. 
Rhodes, L., Adamson, J., Suzuki, T., Briggs, L. & Garthwaite, I. 2000. Toxic marine 
epiphytic dinoflagellates, Ostreopsis siamensis and Coolia monotis (Dinophyceae), in 
New Zealand. New Zeal J Mar Fresh 34:371-83. 
Rhodes, L., Smith, K., Papiol, G. G., Adamson, J., Harwood, T. & Munday, R. 2014. 
Epiphytic dinoflagellates in sub-tropical New Zealand, in particular the genus Coolia 





Rhodes, L. L. & Thomas, A. E. 1997. Coolia monotis (Dinophyceae): a toxic epiphytic 
microalgal species found in New Zealand. New Zeal J Mar Fresh. 31:139-141. 
Scholin, C. A., Herzog, M., Sogin, M. & Anderson, D. M. 1994. Identification of group‐and 
strain‐specific genetic markers for globally distributed Alexandrium (Dinophyceae). 
II. Sequence analysis of a fragment of the LSU rRNA gene. J Phycol 30:999-1011. 
Shah, M. M. R., An, S.-J. & Lee, J.-B. 2013. Seasonal abundance of epiphytic dinoflagellates 
around coastal waters of Jeju Island, Korea. J Mar Sci Technol 21:156-65. 
Simoni F., Di Paolo C., Gori L., Lepri L, Mancino A., Falaschi A. 2004. Further investigation 
on blooms of Ostreopsis ovata, Coolia monotis, Prorocentrum lima on the macroalgae 
of artificial and natural reefs in the Northern Tyrrhenian Sea. Harmful Algae News:6-7. 
Tawong, W., Nishimura, T., Sakanari, H., Sato, S., Yamaguchi, H. & Adachi, M. 2015. 
Characterization of Gambierdiscus and Coolia (Dinophyceae) isolates from Thailand 
based on morphology and phylogeny. Phycol Res 63:125-33. 
Ten-Hage, L., Turquet, J., Quod, J. & Couté, A. 2000. Coolia areolata sp. 
nov.(Dinophyceae), a new sand-dwelling dinoflagellate from the southwestern Indian 
Ocean. Phycologia 39:377-83. 
Thomas, M. K., Kremer, C. T., Klausmeier, C. A. & Litchman, E. 2012. A global pattern of 
thermal adaptation in marine phytoplankton. Science 338:1085-88. 
Tubaro, A., Durando, P., Del Favero, G., Ansaldi, F., Icardi, G., Deeds, J. & Sosa, S. 2011. 
Case definitions for human poisonings postulated to palytoxins exposure. Toxicon 
57:478-95. 
Wakeman, K. C., Yamaguchi, A., Roy, M. C. & Jenke-Kodama, H. 2015. Morphology, 
phylogeny and novel chemical compounds from Coolia malayensis (Dinophyceae) 
from Okinawa, Japan. Harmful Algae 44:8-19. 
Yasumoto, T., Inoue, A., Bagnis, R. & Carcon, M. 1979. Ecological survey on a 
dinoflagellate possibly responsible for the induction of ciguatera. B Jpn Soc Sci Fish 
45:395-399. 
Yasumoto, T., Nakajima, I., Bagnis, R. & Adachi, R. 1977. Finding of a dinoflagellate as a 








Table 1. Identity, geographic origin and GenBank accession number for strains of Coolia 
isolated in this study. 
Species Name Strain Code Site of Isolation GenBank Accession No. 
C. tropicalis UTSHI1D5 Heron Island Lagoon, QLD, Australia MH319018 
C. tropicalis UTSHI2D4 Heron Island Lagoon, QLD, Australia MH319017 
C. tropicalis UTSHI2D1 Heron Island Lagoon, QLD, Australia MH319016 
C. palmyrensis UTSHI3C5 Heron Island Lagoon, QLD, Australia MH319015 
C. malayensis UTSMER17A5 Merimbula Lake, NSW, Australia MH319014 
C. malayensis UTSMER17D2 Merimbula Lake, NSW, Australia MH319013 







Table 2. Maximum growth rate (µmax), the temperature (°C) at which maximum growth was 
reached (T µmax), the optimum (>80% of µmax) temperature range for growth (Topt) and the 
minimum and maximum temperatures where growth ceased (Tmin and Tmax), calculated from 
the temperature reaction norm function for each strain of Coolia spp. 
Species µmax (d-1) T µmax (°C) Topt (°C) Tmin (°C) Tmax (°C) 
C. tropicalis 
(UTSHI1D5) 
0.25 27.4 25.3-28.8 <10 30.1 
C. tropicalis 
(UTSHI2D4) 
0.28 27.0 24.8-28.5 17.1 30.0 
C. tropicalis 
(UTSHI2D1) 
0.21 27.6 25.7-28.9 17.8 30.1 
C. palmyrensis 
(UTSHI3C5) 
0.29 24.5 20.5-28.1 14.7 32.2 
C. malayensis 
(UTSMER17A5) 
0.21 23.4 19.9-26.6 14.9 30.1 
C. malayensis 
(UTSMER17A6) 
0.25 23.8 20.1-26.9 14.5 30.2 
 
 
Table 3. Maximum growth rate (µmax), the salinity at which maximum growth occurred (S 
µmax), the optimum salinity range for growth (Sopt) and the minimum and maximum salinity 
where growth ceased (Smin and Smax) calculated from the salinity reaction norm function for 
each strain of Coolia spp. 
Species µmax (d-1) S µmax Sopt Smin Smax 
C. tropicalis 
(UTSHI1D5) 
0.15 23.6 21.3-27.0 19.2 41.6 
C. tropicalis 
(UTSHI2D4) 
0.12 24.2 21.4-28.0 18.7 36.7 
C. tropicalis 
(UTSHI2D1) 
0.08 26.0 21.9-30.7 17.5 37.3 
C. palmyrensis 
(UTSHI3C5) 
0.39 35.6 25.9-42.5 <10 49.0 
C. malayensis 
(UTSMER17A5) 
0.10 23.4 16.3-23.4 <10 >60 
C. malayensis 
(UTSMER17A6) 






Table 4. Maximum growth rate (µmax) of each Coolia spp. isolated in this study, the level of 
irradiance (µmol photons · m-2 · s-1) at which maximum growth occurred (I µmax), the optimum 
iradiance range for growth (Iopt) and the minimum and maximum irradiance levels where 
growth ceased (Imin and Imax) calculated from the irradiance reaction norm function. 
Species µmax 
(d-1) 
I µmax  
(µmol photons 
· m-2 · s-1) 
Iopt  
(µmol photons 
· m-2 · s-1) 
Imin  
(µmol photons 
· m-2 · s-1) 
Imax  
(µmol photons 
· m-2 · s-1) 
C. tropicalis 
(UTSHI1D5) 
0.17 137.1 64.8- >200 0 >200 
C. tropicalis 
(UTSHI2D4) 
0.14 175.2 82.3- >200 0 >200 
C. tropicalis 
(UTSHI2D1) 
0.17 130.6 63.5- >200 0 >200 
C. palmyrensis 
(UTSHI3C5) 
0.25 >200 104.2- >200 0 >200 
C. malayensis 
(UTSMER17A5) 
0.16 >200 111.05- >200 0 >200 
C. malayensis 
(UTSMER17A6) 









Figure 1. Global distribution of Coolia species shown with red circles and contributions from 
this study with yellow triangles, summarised from the following literature sources: Faust 1995, 
Rhodes et al., 2000, Ten-Hage et al., 2000, Simoni et al., 2004, Penna et al., 2005, Aligizaki 
and Nikolaidis 2006, Dolapsakis et al., 2006, Fraga et al., 2008, Armi et al., 2010, Leaw et al., 
2010, Laza-Martinez et al., 2011, Cohu and Lemée 2012, Jeong et al., 2012, Pagliara and 
Caroppo 2012, Mohammad-Noor et al., 2013, Momigliano et al., 2013, David et al., 2014, 
Feki-Sahnoun et al., 2014, Nguyen 2014, Rhodes et al., 2014, Karafas et al., 2015, Karafas and 
Tomas 2015, Wakeman et al., 2015, 2016, Cruz and Okolodkov 2016, Gómez et al., 2016, 






Figure 2. Coolia phylogenetic analysis based on the LSU rDNA (D1-D3 region). Maximum 
Liklihood tree of Coolia isolates globally, with strains from this study shown in bold. Values 
at nodes represent Maximum Likelihood bootstrap and Bayesian posterior probability support. 






Figure 3. Temperature reaction norms for strains of Coolia spp. isolated in this study. Black 






Figure 4. Comparison of the temperature, salinity and irradiance niche of Coolia spp. strains 












Figure 5. Salinity reaction norms for strains of Coolia spp. isolated in this study. Black line 







Figure 6. Irradiance reaction norms for strains of Coolia spp. isolated in this study. Black line 


















Supplementary Figure Captions 
 
Supplementary Fig. 1. Relationship between in vivo chlorophyll a fluorescence (relative 
fluorescence units) and cell concentration (mL-1) for C. tropicalis (a), C. palmyrensis (b), and 
C. malayensis (c), indicating that fluorescence is a suitable measure for estimating exponential 
growth. 
